In hematopoiesis, self-renewal, proliferation, dierentiation and apoptosis represent opposing decisions made by stem cells and progenitor cells, which when dysregulated can result in leukaemia. Here, we have investigated the function of Myb proteins in regulating these key cellular decisions, using the cell line FDCP-mix A4 as a model of early hematopoiesis. High concentrations of IL-3 in these cells favour self-renewal over dierentiation and apoptosis. However when endogenous Myb activity was inhibited with an inducible dominant interfering protein, self-renewal was replaced by apoptosis and dierentiation. Dierentiation was to granulocytes and monocyte/ macrophages and was closely associated with a G 1 -S phase block in the cell cycle. As for normal hematopoiesis, cytokine-induced terminal dierentiation of FDCPmix cells is associated with concomitant proliferation prior to its completion. However, when Myb activity was inhibited during this process, proliferation and survival were both reduced, resulting in a much lower yield of mature cells. These results indicate multiple cellular roles of Myb proteins during normal hematopoiesis.
Introduction
Hematopoiesis is the process by which mature blood cells are generated from pluripotent stem cells (PSCs). As well as producing committed progenitor cells, PSCs are capable of long-term self-renewal. However because PSCs constitute only a minor population of cells and are relatively quiescent (Spangrude et al., 1988; Spangrude and Johnson, 1990) , considerable ampli®ca-tion in cell number is inferred after committed progenitors arise. This is achieved, at least in part, by proliferation during the dierentiation of committed progenitor cells, as stimulated by cytokine growth factors (Metcalf, 1980 (Metcalf, , 1989 . Because this type of proliferation is closely associated with dierentiation, it can be viewed as being distinct from self-renewal. Evidence suggests that signi®cant self-renewal (i.e. proliferation without dierentiation) occurs in hematopoietic cells other than PSCs. For instance, in vitro self-renewal of erythroid and B-lymphoid committed progenitor cells freshly isolated from bone marrow has been demonstrated and can be controlled by modulating culture conditions, including added cytokines (Hayman et al., 1993; Rolink et al., 1991) .
The transcription factor c-Myb plays a central role in hematopoiesis and when dysregulated may contribute to the generation of leukaemias (reviewed in Weston, 1999) . Expression of c-Myb is seen in proliferating progenitor cells and is extinguished during terminal dierentiation to mature blood cells (Gonda and Metcalf, 1984; Ramsay et al., 1986) . Forced expression of c-myb inhibits the terminal dierentiation of both erythroid and myeloid leukaemia cell lines, suggesting a role for c-Myb in maintaining cells in an immature state (Bies et al., 1995; McMahon et al., 1988; Selvakumaran et al., 1992) . The signi®cance of cMyb in hematopoiesis was demonstrated by disruption of the c-myb gene in mice, which resulted in greatly reduced production of mature blood cells of all lineages examined excluding megakaryocytes, and embryonic death at around day 15 of gestation (Mucenski et al., 1991) . The stage(s) at which hematopoiesis was perturbed in c-myb null mice was not evident nor was the nature of the perturbation, although some function in PSCs is probably retained (Allen et al., 1999) . Evidence has been published for the regulation of several genes by c-Myb (reviewed in Weston, 1998) . Interesting target genes include c-kit, which encodes the receptor for the cytokine stem cell factor (SCF), and the anti-apoptotic gene bcl-2 (Ratajczak et al., 1998; Frampton et al., 1996; Taylor et al., 1996) . In avian cells the transcription factor GBX2 is a target gene of c-Myb in conjunction with an activated signalling pathway, or when the c-Myb DNA binding domain is mutated (Kowenz-Leutz et al., 1997) .
Studies examining the eects of loss of function of Myb proteins have involved transforming cells with inducible oncogenic Myb proteins which can then be inactivated (Beug et al., 1987; Frampton et al., 1995 Frampton et al., , 1996 Hogg et al., 1997) . These data should be interpreted with caution because the cellular behaviour is governed by non-physiological Myb proteins. Similarly experiments inhibiting Myb activity using antisense oligonucleotides may have been¯awed, as the oligonucleotides used have been shown to produce non-speci®c anti-proliferative eects (Burgess et al., 1995) . To overcome these problems we have utilized the murine cell line FDCP-mix and an inducible dominant interfering mutant of Myb to examine the function of Myb proteins in hematopoietic progenitor cells. FDCP-mix cells present many attributes of normal progenitors; they are non-leukaemic, factordependent, have a normal karyotype, and can undergo multi-lineage dierentiation in response to cytokines or stromal cells to functional mature blood cells (Heyworth et al., 1995 (Heyworth et al., , 1990 Spooncer et al., 1986) . By using a dominant negative system the functions of only normal endogenous Myb proteins have been studied, allowing a detailed and accurate assessment of these functions. Our data show that Myb proteins promote self-renewal, proliferation and survival, extending the results of previous papers which have suggested separate roles for Myb in these processes.
Results

Stable expression of an inducible dominant interfering Myb construct in FDCP-mix cells
By RNase protection assays we showed that of the three Myb family proteins, B-myb and c-myb but not A-myb mRNA is expressed in immature FDCP-mix cells undergoing self-renewal in high concentrations of IL-3 (data not shown). To investigate the functions of the endogenous Myb proteins in immature FDCP-mix cells we used an inducible dominant interfering Myb construct called MERT (Taylor et al., 1996) . This protein is a fusion of three functional domains: the cMyb DNA binding domain, the Drosophila engrailed repressor domain, and a modi®ed estrogen receptor hormone binding domain. The latter domain is activated only by the estrogen analogue 4-hydroxytamoxifen (OHT) and renders proteins fused to it inert in the absence of this ligand (Littlewood et al., 1995) . By adding OHT to the culture medium of cells expressing MERT, this construct becomes an active repressor and speci®cally inhibits the transcription of Myb target genes. A control construct called ERT, lacking the cMyb DNA binding domain of MERT, was also used in many of the experiments reported here.
FDCP-mix cultures were stably transfected with mammalian expression vectors containing either no insert, ERT or MERT. By Northern blotting we showed expression of mRNAs of the expected size for all clones used (data not shown). Importantly, the stably-transfected clones used in these experiments retained the features of the parental cells. When cultured for prolonged periods, FDCP-mix cells lose their ability to dierentiate in response to cytokines and this is particularly true of the erythroid lineage. Therefore newly obtained cultures were used for transfection and transfected clones were passaged for Figure 1 Stably transfected FDCP-mix cells retain the ability to dierentiate. Non-transfected cells (i) or MERT-expressing clones no 5 (ii) and no 18 (iii) were cultured for self-renewal (A), granulocyte dierentiation (B) or erythroid dierentiation (C) as described in the Materials and methods. After 9 days cells were cytocentrifuged and stained with benzidine/May-GruÈ nwald/Giemsa. Primitive blasts have a large nucleus and dark staining cytoplasm. Neutrophilic granulocytes have an elaborate segmented nucleus and a pale cytoplasm. Pro-erythroblasts (Pe) have a large nucleus and a dark blue cytoplasm, and haemoglobinised erythroblasts (Hb) have a grey to brown cytoplasm. Representative ®elds are shown for (A) and (B). For (C) ®elds were chosen to show erythroid cells only short periods. In cultures containing high IL-3, most cells from the transfected clones retained a primitive blast morphology ( Figure 1A ) and like parental cultures, most cells co-expressed the surface antigens B220 and Mac-1 ( Figure 6B , top panels), but were negative for Gr-1 (data not shown). The ability of the transfected clones to dierentiate in response to GM-CSF and G-CSF to granulocytes ( Figure 1B ) and with GM-CSF and M-CSF to macrophages (data not shown) was fully retained, as were the cell cycle characteristics of dierentiation (data not shown). Furthermore some capacity to undergo erythroid dierentiation was retained, and both pro-erythroblasts and more mature haemoglobinised erythroblasts could be produced, albeit in small numbers ( Figure 1C) .
To examine the ability of stably expressed MERT to speci®cally inhibit the expression of endogenous Myb target genes, cultures were treated with OHT for 72 h and the expression levels of three known Myb target genes, namely c-kit, bcl-2 and GBX2, were determined using RNase protection assays. Expression of these genes was signi®cantly decreased when MERT was activated with OHT in two separate clones (Figure 2 , top three panels, lanes 5 ± 8), whereas the expression levels of GAPDH were unaected (Figure 2 , bottom panel). These changes were speci®c and were not seen in control clones, transfected with an empty vector (lanes 1,2) or expressing ERT (lanes 3,4). In the absence of added OHT clone MERT-6b was found to express higher levels of c-kit compared to other clones ( Figure 2 , top panel, lane 5) and was not used in subsequent experiments. These ®ndings demonstrate that when stably expressed in FDCP-mix cells, MERT is eective at inhibiting the activity of endogenous Myb proteins.
Signalling by the IL-3 receptor maintains the selfrenewal of FDCP-mix cells. Therefore we were interested in a report showing that the promoter of the gene encoding the a subunit of this receptor (IL3-Ra), contains a Myb consensus binding sequence (Miyajima et al., 1995) . However MERT did not inhibit the expression of IL3-Ra mRNA (Figure 2 , fourth panel, lanes 5 ± 8) even when con®rmed Myb-regulated genes were aected, indicating that Myb proteins are not required for IL3-Ra mRNA expression.
Inhibition of Myb activity causes decreased growth and viability
Growth of FDCP-mix cells in suspension culture was found to be inhibited when MERT was activated by adding OHT, whereas control cells expressing ERT were only slightly aected (Figure 3, left) . This growth inhibition was associated with decreased cell viability (Figure 3, right) , which could be due to the induction of apoptotic cell death. Cells undergoing this process can be detected by binding of¯uorescently labelled annexin-V to cell surface phosphatidylserine and subsequent¯ow cytometry (Koopman et al., 1994) . Cells are simultaneously stained with propidium iodide (PI) to distinguish late-stage apoptotic, dead or necrotic cells, which take up this dye. Figure 4 shows that activation of MERT in FDCP-mix cells for 96 h caused a large increase in the number of apoptotic cells (bottom row of panels; bottom right quadrant). Only small changes in the apoptotic population were seen for control clones, transfected with the empty vector (®rst row) or expressing ERT (second row). Apoptosis following the activation of MERT was also indicated by cells with condensed chromatin/nuclear fragmentation in May-GruÈ nwald Giemsa-stained cytospins (data not shown), and by sub-G 1 events in cell cycle experiments ( Figure 5 , bottom right panel).
To investigate whether the decreased growth of MERT-induced cultures was also due in part to changes in the rate of proliferation, cell cycle analyses were performed. Figure 5 shows that when MERT was activated for 72 h (bottom row), there was a signi®cant reduction in the number of cells which had incorporated BrdU following a 1 h pulse, and were therefore in S phase, and a corresponding increase in G 1 /G 0 cells. In contrast, the cell cycle was not signi®cantly aected in the control clone expressing ERT ( Figure 5 , top row). Therefore, when endogenous Myb activity is inducibly inhibited in FDCP-mix cells, growth is inhibited as a result of both apoptotic cell death and a partial G 1 -S block in the cell cycle.
Inhibition of Myb activity induces myeloid differentiation
When May-GruÈ nwald Giemsa stained cytocentrifugation slides were examined from self-renewing cultures of uninduced MERT-expressing and control clones, Figure 2 MERT inhibits the expression of known Myb target genes in FDCP-mix cells. Clones stably expressing ERT or MERT or transfected with an empty vector control (vector) were cultured for self-renewal in the presence (+) or absence (7) of OHT for 72 h. Total RNA was extracted and the expression of ckit, Bcl-2, GBX2, IL3-Ra and GAPDH was measured in RNase protection assays Figure 3 Inhibition of Myb activity causes a decrease in growth and viability. Cultures of FDCP-mix clones MERT-9 and ERT-4 were seeded in culture medium for self-renewal in the presence (+OHT) or absence (7OHT) of 4-hydroxytamoxifen. At the indicated timepoints samples were stained with trypan blue and counted with a hemocytometer to determine total viable cell number (left graph) and percentage viability (right graph) 91% of cells were classi®ed as primitive (blasts), 4 ± 6% as intermediate (early stages of myeloid dierentiation) and 3 ± 4% as mature (neutrophilic granulocytes and monocyte/macrophages). This low level of spontaneous dierentiation is commonly seen in cultures of FDCPmix set up for self-renewal in high concentrations of IL-3. However, when OHT was added for 96 h to cultures of two clones expressing MERT, but still set up for self-renewal, we saw marked changes in the proportion of cell types, with a large increase in the percentage of dierentiated cells ( Figure 6A , second and third columns). For clone MERT-5, addition of OHT caused a reduction in the blast count to 33%, and an increase in the intermediate and mature counts to 25% and 42% respectively, as determined by morphological examination. The relative proportions of monocyte/macrophages to granulocytes in the mature population was variable, probably re¯ecting the stochastic nature of lineage commitment during the early stages of hematopoiesis (data not shown). Cells identi®ed as erythroid lineage were not detected when MERT was induced. This probably re¯ects an intrinsic bias of the transfected clones towards granulocyte/ macrophage lineages because only a limited capacity for erythroid dierentiation was retained ( Figure 1C ). Addition of OHT to control cultures of clone ERT-9 did not induce morphological changes ( Figure 6A , ®rst column).
We sought to con®rm our morphological data by analysing the expression of dierentiation-speci®c cell surface antigens by¯ow cytometry. Self-renewing FDCP-mix cells express the cell surface antigens Mac-1 and B220 (Ford et al., 1992) . During cytokine-induced myeloid dierentiation, surface levels of Mac-1 are increased, whereas B220 expression is extinguished (Ford et al., 1992) . This is consistent with the normal localization of these surface antigens to cells of myeloid and B-lymphocyte lineage respectively (Hathcock et al., 1992; Springer et al., 1979) . Consistent with the appearance of cells morphologically identi®ed as neutrophils and monocyte/macrophages, MERT caused a large increase in the number of Mac-1 BRIGHT / B220
7 cells in two separate clones ( Figure 6B , third and fourth columns). The size of this cell population in control cells expressing ERT ( Figure  6B , second column) was not aected by OHT. The percentage of cells characterized as mature by¯ow cytometry exceeded that based on morphological analysis because the Mac-1 BRIGHT / B220
7 population includes intermediate stages of dierentiation, such as metamyelocytes (data not shown). Further analysis of the cells produced after induction of MERT, showed that most cells had acquired expression of Gr-1, a myeloid marker restricted to neutrophils (data not shown) (Lagasse and Weissman, 1996) .
When FDCP-mix cells are induced to dierentiate by adding lineage-speci®c cytokines, there is a signi®cant period of proliferation which precedes the appearance of quiescent fully mature cells, recapitulating dier- entiation of primary bone marrow progenitor cells (Heyworth et al., 1990) . During this period of FDCPmix dierentiation both B-myb and c-myb continue to be expressed (data not shown). We investigated the outcome of inhibiting Myb activity in cells which had been previously induced to dierentiate to neutrophils with the cytokines GM-CSF and G-CSF. Dierentiation of clone MERT-5 in suspension culture without added OHT showed a typical pattern. There was a transient decrease in cell viability at day 2, probably associated with the`switch' from self-renewal to dierentiation (Figure 7 , right panel, squares), followed by a growth period lasting till day 8, which resulted in an 80-fold increase in cell number (Figure 7 , top left panel, squares). The appearance of fully dierentiated cells occurred after a signi®cant lag, with 50% dierentiation at day 7 (Figure 7 , bottom panel, squares). When OHT was added at day 2 to activate MERT, there was a reduction in cell viability compared to the untreated culture (Figure 7 , right panel, circles) and the expansion in viable cell number was severely diminished, so that only 3.7-fold growth was obtained by day 8, compared to 80-fold growth in the absence of OHT (Figure 7, left panel, circles) . It is very likely that this was due mainly to decreased proliferation rather than to decreased viability, because the decrease in growth was far more profound than the decrease in viability. Addition of OHT signi®cantly accelerated the appearance of fully dierentiated cells, with 50% dierentiation occuring by day 5, compared to day 7 in the absence of OHT (Figure 7 , bottom panel, circles). Similar results were obtained with clone MERT-18 (data not shown). These results show that Myb proteins are required for the correct expansion in cell number during the GM-CSF/ G-CSF-induced myeloid dierentiation program. In the absence of Myb activity, both cell proliferation and survival are reduced and the production of quiescent fully mature cells is accelerated.
Cell cycle changes caused by inhibiting Myb activity are closely linked to differentiation FDCP-mix cells withdraw from the cell cycle in the latter stages of cytokine-induced dierentiation consistent with their ability to undergo complete dierentiation (data not shown and Heyworth et al., 1990) . Therefore, we reasoned that the G 1 -S phase block induced by MERT in cells cultured under conditions which promote self-renewal ( Figure 5 ) could be coupled to dierentiation, which is also induced by MERT. By¯ow cytometry, we analysed the cell cycle in sub-populations of cells from the same samples which expressed dierent levels of the dierentiation marker Mac-1 (Figure 8 ). Cells which were Mac-1 DIM were classi®ed as immature, and those which were Mac-1 BRIGHT as more mature (data not shown and Ford et al., 1992) . Although inducing MERT with OHT for 72 h caused a signi®cant G 1 -S phase block for the total cell populations (Figure 8, second row) , when phenotypically immature Mac-1 DIM cells were analysed in isolation by gated analysis, only a very small block was observed (Figure 8, third row) . The G 1 -S phase block for the total cell population is therefore explained by an increase in the proportion of the more mature Mac-1 BRIGHT sub-population from 34 to 88.4%. This population contains fewer cells in S phase compared with the immature Mac-1 DIM cells, irrespective of whether MERT is induced or not (Figure 8 , compare third and forth rows). The existence of this sub-population when MERT was inactive re¯ects a low level of spontaneous dierentiation. These results indicate that the cell cycle block does not appear to precede dierentiation, but rather is tightly associated with it. The lack of a cell cycle block in immature cells might be because MERT has not yet taken eect in these cells. However, this appears unlikely, as major phenotypic eects of another nature were seen in these cells.
The degree of differentiation dictates susceptibility to MERT-induced apoptosis
To determine whether dierences in maturity caused dierences in the apoptotic response to MERT induction, the apoptotic marker annexin-V was used simultaneously with dierentiation-speci®c antibodies in¯ow cytometry experiments. The percentage of apoptosis for dierent sub-populations of cells within the same samples was then determined by gated analyses as done in Figure 8 . We found that MERTinduced apoptosis was greatest in cells with the primitive Mac-1 DIM immunophenotype ( Figure 9 , second panel of second column). The level of apoptosis in Mac-1 BRIGHT cells from the same sample was lower ( Figure 9 , third and fourth panels of second column). However apoptosis in these Mac-1 BRIGHT cells was still much greater compared to the control cultures, indicating that MERT has induced apoptosis in maturing cells as well as in primitive cells, albeit at lower levels. When the experiment was repeated for B220, which is expressed at higher levels in undierentiated FDCP-mix cells, apoptosis was again detected at higher levels in the primitive population (data not shown). This argues against the possibility that our results were simply due to loss of cell surface proteins during apoptosis. When dierentiation of the MERT-5 clone was induced by modifying the cytokines present in the culture medium, instead of by inducing MERT, a dierent pattern of apoptosis was detected (Figure 9 , third column). Apoptosis was almost completely restricted to primitive cells (Figure 9 , second panel of third column), being virtually absent in cells with increased levels of Mac-1 (Figure 9 , third and fourth panels of third column). The fact that some cells remained primitive and became apoptotic was not a result of the inability of the transfected clone to properly respond to a dierentiation stimulus, as this was also observed for fresh non-transfected cells (data not shown). The level of apoptosis in Mac-1 BRIGHT cells from the culture induced to dierentiate with GM-CSF and G-CSF was lower than similar cells in the untreated self-renewing culture arising through spontaneous dierentiation (Figure 9 , bottom panels of ®rst and third columns). This probably re¯ects the properties of GM-CSF and G-CSF as potent survival stimuli for mature cells.
These results demonstrate that apoptosis during cytokine-induced dierentiation of FDCP-Mix cells is primarily associated with a failure of immature cells to dierentiate. When dierentiation is induced by inhibiting Myb activity, cells which fail to dierentiate are even more prone to apoptosis. Furthermore, some of the protection from apoptosis conferred by dierentiation must be due to the presence of Myb proteins, as their inhibition results in a signi®cant increase in apoptosis in the dierentiating cells as well.
Discussion
We demonstrate here the functional importance of the Myb family of transcription factors in murine hematopoietic progenitor cells, using as a model system FDCP-mix cells. Unlike most hematopoietic cell lines, including those previously used in studies of Myb proteins, FDCP-mix cells show many characteristics of primary progenitor cells (Heyworth et al., 1990; Spooncer et al., 1986) . Furthermore, at the level of gene expression priming during self-renewal, FDCP-mix cells are similar to primary PSCs (Hu et al., 1997) . The FDCP-mix system therefore allows the study of subtle relationships between self-renewal, proliferation, dierentiation and apoptosis which might otherwise be obscured or perturbed. When endogenous Myb activity was inhibited in FDCP-mix cells with an inducible dominant interfering construct, several major cellular eects were shown; apoptosis, a G 1 -S phase block in the cell cycle, and dierentiation. These eects were shown to be interrelated, in that the cell cycle eect was closely linked to dierentiation, and apoptosis, normally suppressed during cytokineinduced dierentiation, was exacerbated by inhibition of Myb activity.
The DNA binding domains of B-Myb and c-Myb show strong homology in amino acid sequence, and have very similar consensus binding sequences. MERT protein, targetted to Myb binding sites by the c-Myb DNA binding domain, is therefore likely to be able to inhibit genes normally activated by either c-Myb and/ or B-Myb. The declining mRNA expression pattern of B-myb during cytokine-induced dierentiation of nontransfected FDCP-mix cells signi®cantly diers from that of c-myb, but closely correlates with exit from the cell cycle (data not shown). This suggests that the cell cycle arrest caused by inducing MERT might result from inhibition of B-myb target genes. Clearly B-myb cannot substitute for c-Myb because hematopoiesis in c-myb null mice is lethally compromised (Mucenski et al., 1991) . However with the MERT system it is impossible to de®nitively distinguish the roles of B-myb and c-Myb.
To monitor the eectiveness of MERT as a dominant negative protein we examined the expression of two known Myb-regulated genes c-kit and bcl-2. The gene gbx-2 which is activated by c-Myb in conjunction with signalling events was also examined. However these particular target genes do not necessarily explain the observed cellular eects of inhibiting Myb in FDCP-mix cells. The stem cell factor (SCF) receptor gene c-kit, although strongly downregulated when MERT is induced, is unlikely to be relevant, since the culture conditions did not include SCF. Gbx-2 was only expressed at very low levels, and was less responsive to MERT, perhaps as a result of the lack of co-operating signalling events. As discussed later, the Myb target gene bcl-2 may be signi®cant to the current system. By subtraction cloning we have 
Loss of Myb activity promotes differentiation of hematopoietic progenitor cells
The FDCP-mix cell line self-renews continuously in the presence of IL-3, with only a low level of spontaneous dierentiation (Heyworth et al., 1990) . We have shown here that when endogenous Myb transcription factors are inhibited, cells become re-programmed for dierentiation, even though the culture conditions strongly favour self-renewal. Therefore, loss of Myb activity, already shown by others to be necessary for dierentiation to occur (reviewed in Graf, 1992) , may also be sucient. As suggested by Fairbairn et al. (1993) , no added growth factors were required for dierentiation, implying that the role of these factors may be enabling rather than inductive. The lack of detectable erythroid dierentiation following MERT activation might be because of additional factors required to fully enable this lineage, especially erythropoietin, were not present. Moreover, the transfected clones only supported limited erythroid dierentiation under optimal conditions for this lineage, suggesting an intrinsic bias toward the granulocyte/macrophage lineages.
Myb proteins are required for proliferation during self-renewal and terminal differentiation
When MERT was induced in FDCP-Mix cells grown under self-renewing conditions, a majority of viable cells began to dierentiate. Concomitant with the cells being forced to dierentiate, there was a decrease in proliferation resulting from a block in the cell cycle between G 1 /G 0 and S phases. This cell cycle block was explained by a large increase in the size of the more mature Mac-1 BRIGHT population, which contains a lower proportion of S phase cells irrespective of whether dierentiation is spontaneous or induced by MERT. That signi®cant dierences in the cell cycle were not observed when comparing sub-populations of cells with an equivalent dierentiation status, indicates that the cell cycle block was tightly co-ordinated with dierentiation. This suggests that MERT causes cells to withdraw from cycle because they are dierentiating, rather than the opposite possibility, that withdrawal from the cell cycle induces dierentiation. As Mybregulated targets may include genes involved in both cell-cycle control and myeloid dierentiation (reviewed in Weston, 1998) , it seems likely that Myb aects both these processes during the commitment to dierentiate.
When FDCP-mix cells are induced to dierentiate in response to cytokine combinations, there is a large expansion in cell number before the completion of dierentiation (Heyworth et al., 1990) . This recapitulates proliferation seen during the formation of colonies in semi-solid media in vitro from bone marrow progenitor cells, and is a re¯ection of the ability of cytokines to induce both proliferation and maturation (reviewed in Metcalf, 1989) . We show here that the proliferation which occurs concomitantly with the dierentiation of FDCP-mix cells in response to GM-CSF and G-CSF was greatly reduced when MERT was activated, causing a dramatic reduction in the ®nal number of mature cells. This also correlated with a faster rate of completion of terminal dierentiation. Therefore, Myb proteins are required both for proliferation during self-renewal, and also for the correct expansion of cells already committed to mature.
Survival during self-renewal and differentiation is dependent on Myb activity
A major eect of inhibiting Myb activity in FDCP-mix cells was the induction of apoptosis. Expression of the survival gene bcl-2 was shown to be inhibited, consistent with its previously reported regulation by Myb proteins (Frampton et al., 1996; Taylor et al., 1996) , and this could well be the cause of the apoptosis observed in the current study. Due to the limited capacity of FDCP-mix cells for prolonged culture in vitro, it was not feasible to re-transfect MERTexpressing clones to overexpress bcl-2 to examine this possibility. FDCP-mix cells require IL-3 for survival and in the absence of this cytokine the cells die by apoptosis (Williams et al., 1990) . The possibility of down-regulated expression of the IL-3 receptor a subunit, which contains potential Myb binding sites in its promoter, was excluded.
During cytokine-induced dierentiation of FDCPMix cells, apoptosis is almost entirely restricted to cells characterized as undierentiated. This suggests that when self-renewal is stopped, as done here by reducing the IL-3 concentration and adding GM-CSF and G-CSF, cells must initiate dierentiation, or otherwise are destined for apoptosis. This was seen to an even greater degree when dierentiation was induced by MERT, indicating a high dependence on Myb proteins for the survival of hematopoietic progenitor cells. Signi®cantly, apoptosis was also increased in cells undergoing dierentiation from the same culture, indicating that Myb proteins are required for the survival of these dierentiating cells. Similarly, when MERT was activated in cells previously induced to dierentiate with cytokines, decreased cell viability was observed.
A recent study of the extent of cell death during dierent stages of normal murine hematopoiesis (Necas et al., 1998) , proposed that there is a high rate of apoptosis in early progenitors, and a decline in the death rate as cells mature. Therefore, normal progenitors, like FDCP-Mix cells, must decide between selfrenewal, dierentiation, or apoptosis, and the latter is not simply an artefact of the FDCP-Mix system. Extrapolating from this, it seems highly likely that modulating the activity of Myb proteins plays an important part in regulating the survival of normal progenitor cells, and that their subsequent expression during dierentiation has an important anti-apoptotic eect. We plan to test this assertion in mice expressing MERT during hematopoiesis.
Materials and methods
Cell culture
Fresh batches of FDCP-mix A4 cells were kindly provided by D Gagen, Paterson Institute, Manchester, UK. Cells were culured in IMDM with 20% horse serum (HS) (from PAA laboratories; batch tested on A4 cells and in primary bone marrow GM-CFC assays) and 5% IL-3 conditioned medium from X63Ag8-653 cells (Karasuyama and Melchers, 1988) . Dierentiation was induced by changing the culture medium to IMDM with 20% fetal bovine serum (several sources; batch tested for A4 myeloid and erythroid dierentiation and in primary bone marrow Mix-CFC assays) supplemented with 0.02 ng/ml IL-3, 2 ng/ml GM-CSF and 50 ng/ml G-CSF (for neutrophil dierentiation) or 0.02 ng/ml IL-3, 2 ng/ml GM-CSF and 50 ng/ml M-CSF (for monocyte/macrophage dierentiation) or 0.07 ng/ml IL-3, 2 U/ml epo, 30 ng/ml IL-9, 0.2 mM haemin, 75 mM b-mercaptoethanol (for erythroid dierentiation). Recombinant cytokines were from R+D Systems. For self-renewal and myeloid dierentiation, cells were incubated at 378C in 5% CO 2 (vol : vol) in air. For erythroid dierentiation cells were incubated in 5% CO 2 , 5% O 2 , 90% N 2 . Cytocentrifugation, benzidine staining and May-GruÈ nwald Giemsa staining was as decribed (Testa and Molineux, 1993) . 4-hydroxytamoxifen (z-isomer; Sigma) was used at 200 nM.
Stable cell lines
Exponentially growing cells were resuspended at 10 7 cell/ml in full medium. Sca-1 linearized plasmids pMCEF, pMCEF-MERT and pMCEF-ERT (Taylor et al., 1996) were added at 50 mg/ml and 0.4 ml volumes were electroporated at 260 v/ 96 mF. Cells were incubated in full culture medium for 48 h, and plated in 1.1% Methylcellulose (StemCell Technologies) with 0.5% BSA, 0.4 mg/ml (active) G418, 20% HS and 5% IL-3 conditioned medium. Two weeks later colonies were picked, expanded in full medium with G418. Unless otherwise speci®ed, all results were con®rmed in at least three independent pMCEF-MERT clones, using pMCEF and/or pMCEF-ERT clones as controls.
RNA analysis
Total RNA was isolated using RNazol B. For Northern blotting RNA was separated on agarose/formaldehyde gels in MOPS, transferred to Hybond-N and hybridized/washed by standard methods. For RNase protection assays RNA samples were hybridized with combinations of in vitrotranscribed 32 P-labelled gel-puri®ed RNA probes, digested with 5U RNase 1 (Promega) for 30 min, and resolved on 4% acrylamide/urea gels. Phosphorimager quantitation used the ImageQuant program (Molecular Dynamics).
Cell cycle analysis
To obtain simple DNA pro®les cells were ®xed in 70% ethanol and incubated with 0.1 mg/ml RNase A, 40 mg/ml propidium iodide (PI) in PBS, and analysed by¯ow cytometry. For BrdU-labelling experiments cells were cultured with 10 mM BrdU for 60 min, washed in PBS, ®xed in 70% ethanol, digested with 2 M HCl/ 0.1 mg/ml pepsin, washed twice, stained with anti-BrdU FITC (Pharmingen), washed, resuspended in 20 mg/ml PI in PBS and analysed by¯ow cytometry. To preserve staining of surface antigens, cells were ®xed, permeabilized, stained with 7-aminoactinomycin-D as described (Schmid et al., 1991) and analysed bȳ ow cytometry. For all techniques area/width plots were used during analysis to exclude G 1 doublets and in some cases sub-G 1 events.
FACS analysis for surface proteins/phospholipids
Cells were washed in PBS/5% FCS/0.1% sodium azide, resuspended at 10 7 cell/ml, incubated with antibodies at 48C for 30 min, washed twice, and resuspended in 1 mg/ml PI or 7-AAD to allow exclusion of dead cells. Antibodies were from Pharmingen and were all rat anti-mouse and were directly conjugated to¯uorochromes. During optimization of antibody concentrations, relevant isotype control antibodies did not bind to A4 cells. Isotype controls were used in several experiments. Surface staining of annexin-V FITC was performed according to the manufacturer's instructions (Nexins Research). Flow cytometry was performed on Becton Dickinson FACScan and FACSCalibur machines and data analysed using the CELLQuest programme.
